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Fluorescence spectroscopyPsd1, a 46 amino acid residues defensin isolated from the pea Pisum sativum seeds, exhibits anti-fungal activ-
ity by a poorly understood mechanism of action. In this work, the interaction of Psd1 with biomembrane
model systems of different lipid compositions was assessed by ﬂuorescence spectroscopy. Partition studies
showed a marked lipid selectivity of this antimicrobial peptide (AMP) toward lipid membranes containing
ergosterol (the main sterol in fungal membranes) or speciﬁc glycosphingolipid components, with partition
coefﬁcients (Kp) reaching uncommonly high values of 10
6. By the opposite, Psd1 does not partition to
cholesterol-enriched lipid bilayers, such as mammalian cell membranes. The Psd1 mutants His36Lys and
Gly12Glu present a membrane afﬁnity loss relative to the wild type. Fluorescence quenching data obtained
using acrylamide and membrane probes further clarify the mechanism of action of this peptide at the molec-
ular level, pointing out the potential therapeutic use of Psd1 as a natural antimycotic agent.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Any living organism, whether animal, plant or microbe, is contin-
uously threatened by different pathogens [1–4]. To act against these
attacks, all these organisms had to develop efﬁcient defense mecha-
nisms. The production of antimicrobial peptides (AMP) is a part of
the innate response to resist and eliminate the invader. AMP are usu-
ally characterized by short sequences (typically, 15–50 amino acid
residues) and by the presence of multiple cationic residues [2,3,5].
Defensins are one of the major groups of AMP, conserved between
plants, invertebrates and vertebrates, with a wide and distinctive an-
tifungal and/or antibacterial spectrum [6]. Their activity against bac-
teria, viruses, and fungi suggest their application as natural
antimycotics and/or antibiotics [4,6–9]. These evolutionarily con-
served peptides have both hydrophobic and hydrophilic components,
which enable the molecule to be soluble in aqueous environments,
yet also entering lipid membranes [7]. Generally, the peptide kills tar-
get cells through a three step process that begins with the interaction
with the pathogen cell wall, followed by permeabilization of the plas-
ma membrane and subsequent entry of the defensin into the cyto-
plasm [2,10–12].s, Instituto de Medicina Molec-
Av. Prof. Egas Moniz, 1649-028
999477.
l rights reserved.Glycosphingolipids (GSL) are a family of lipids composed of a
ceramide backbone and a sugar headgroup. The hydrophobic cer-
amide portion is inserted in the cell membrane, while the sugar
headgroup mostly faces the non-cytosolic space [13,14]. These
lipids are key components of biological membranes, with their bio-
physical properties conserved from fungi to mammals. GSL forms
microdomains with other lipids such as sphingolipids and choles-
terol, with which a variety of proteins associates [14]. The most
common neutral glycosphingolipid found in fungi is glucosylcera-
mide (GlcCer), which is present in the cell wall of many fungi,
such as Pichia pastoris, Candida albicans, Pseudallescheria boydii,
Cryptococcus neoformans, Aspergillus fumigatus, Sporothrix schenckii
and Neurospora crassa [2]. This is in contrast with yeast species,
such as Saccharomyces cerevisiae and Shizosaccharomyces pombe,
which do not synthesize GlcCer [2].
GlcCerF.solani. (Fig. 1A), is the major neutral glycolipid in Fusarium
species, such as F. solani [13]. Evidence from the literature demon-
strated that patches of fungi membrane containing glucosylceramides
were selective binding sites for the plant defensins Dm-AMP1 and Rs-
AFP2, isolated from Dahlia merckii and Raphanus sativus, respectively
[15]. The C9-methyl group is the main structural feature distinguish-
ing fungal glucosylceramides those from plants (Fig. 1A–B). This
methyl group seems to play an important role in the interactions be-
tween fungi and other organisms [16].
Psd1 is a cysteine-rich 46 amino acid residues defensin, isolated
from the seeds of the garden pea (Pisum sativum) [17–19]. It is
found primarily in epidermal tissues and vascular bundles of peas'
pods [17]. This peptide exhibits high antimicrobial activity against
Fig. 1. Structures of glucosylceramides from fungi and plant. A: Fungal glucosylceramide from Fusarium solani, containing a sphingoid base and 2-hydroxystearic acid as fatty acyl
residue. B: Plant glucosylceramide from soybean, containing a sphingoid base and 2-hydroxypalmitic acid as fatty acyl residue. The main structural difference between the two glu-
cosylceramide is the absence of the C9-methyl group and 3′-double bond on the GlcCer.
Table 1
Partition coefﬁcients obtained for Psd1 (wild type), Psd1His36Lys and Psd1Gly12Glu,
with LUV of different lipid compositions, determined by non-linear regression using
Eq. (1). The relevance of each mimetic model is also indicated.
Kp±standard error (×103)
Lipid Model
membrane
Psd1 Psd1His36Lys Psd1Glyl2Glu
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N. crassa, but not against several tested bacteria [9,10,17]. Native
Psd1 has a typical compact cysteine-stabilized α/β motif, composed
of three antiparallel β-strands and one α-helix [18]. The secondary
elements are joined by two loops and one turn (Ala7–Asn17,
Ala28–Ile31 and His36–Trp38, respectively). These are the less de-
ﬁned regions in the Psd1 calculated structure [18].
Monitoring the chemical shift perturbation (CSP) of 15N-labeled
Psd1 in the presence of lipid vesicles of phosphatidylcholine (PC)
from egg yolk, or PC plus glucosylceramide isolated from F. solani
(GlcCerF.s.), previous results showed that regions around loop 1
and helix 1 were perturbed in both lipid systems [9]. It was
noted that the perturbed amino acid residues were predominantly
positive, as Arg11, His23 and Lys27, indicating an important Cou-
lombic attraction effect. The presence of GlcCerF.s. in the bilayers
generated larger perturbation in speciﬁc residues located at the
loop regions. Those results were complemented by heteronuclear
Nuclear Overhauser Effect (NOE) measurements, indicating that
Psd1 positive charge at physiological pH should be related to the
initial interaction with anionic head groups of the microbial mem-
brane lipids.
In the present study, we evaluated the interaction of the antimi-
crobial peptide Psd1 and its site directed mutants Psd1His36Lys and
Psd1Gly12Glu with lipid membranes of different compositions, by
ﬂuorescence spectroscopy. Experimental results show that Psd1 in-
teracts with higher afﬁnity with membranes containing glucosylcer-
amides or ergosterol (Erg; the main sterol of fungi cell
membranes). Interestingly, there is almost no interaction with cho-
lesterol (Chol)-enriched membranes (mimetic of mammalian cell
membranes). Psd1-mutants have impaired membrane interactions.POPC (For
comparison)
47±18 19±9 0
POPC:GlcCerF.s. 70:30 Fungal 41±11 24±3 3±2
POPC:GlcCerSoybean
90:10
Plant 430±172 12±14 ≈0
POPC:GlcCerSoybean
70:30
Plant 1123±380 36±8 ≈0
POPC:Erg 90:10 Fungal 437±39 110±36 1.3±0.6
POPC:Erg 70:30 Fungal 270±26 6 ±1 2±1
POPC:Chol 90:10 Mammalian ≈0 – –
POPC:Chol 70:30 Mammalian ≈0 – –
POPC:POPG 90:10 Bacterial 212±55 – –
POPC:POPG 70:30 Bacterial 26±13 – –2. Materials and methods
2.1. Materials
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-sn-glycerol) (POPG)
and glucosylceramide from soybean (GlcCerSoybean) were obtained
from Avanti Polar Lipids (Alabaster, AL, USA). Glucosylceramide
from F. solani (GlcCerF.s.) was isolated as described by Duarte et al.
[13]. All other chemicals were purchased from Sigma (St. Louis, MO,USA). All products were of analytical grade and were used without
further puriﬁcation.2.2. Lipid vesicles preparation
Large unilamellar vesicles (LUV) of 100 nm diameter were pre-
pared by extrusion of multilamellar vesicles, as described elsewhere
[20]. Brieﬂy, the lipid is dissolved in chloroform, dried under a stream
of nitrogen, followed by overnight incubation in vacuum, rehydration
with buffer and extrusion on a LiposoFast-Basic (Avestin Europe,
Mannheim, Germany). For most of the different lipids or lipid mix-
tures (POPC, POPC:POPG, POPC:Chol and POPC:Erg) extrusion was
done 21 times through a polycarbonate membrane with a pore size
of 100 nm (Whatman, Florham Park, NJ, USA). For lipid mixtures con-
taining GlcCer, the extrusion was done 81 times. Control size determi-
nations by dynamic light scattering spectroscopy showed that this
higher number of extrusion cycles is necessary to achieve the size dis-
tribution characteristic of LUV. Lipid compositions were chosen to
mimic the properties of speciﬁc biomembranes (mammalian, bacteri-
al or fungal). Detailed information on the compositions used and the
model membrane system tested are shown in Table 1.
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Psd1His36Lys and Psd1Gly12Glu
Psd1 and its mutants were expressed and puriﬁed as described
elsewhere [18]. Brieﬂy, Psd1-expressing P. pastoris colonies were
grown in minimal glycerol medium (BMG) for approximately 24 h
at 28 °C and for 18 h at 30 °C, with constant shaking. These cultures
were centrifuged and the cell mass resuspended in buffered basal
salt (BBS) medium containing 0.7% methanol and 4 g/L NH4Cl. The
induction of recombinant peptides synthesis was carried out for
120 h by daily supplementation of 0.7% methanol. The crude culture
was applied to a Toyopearl SP-650 M column. The peak containing
proteins with low molecular weights was pooled and puriﬁed by a
semipreparative reversed-phase HPLC on a Vydac C8 column
(208TP510). The fractions collected were dried under vacuum and
dissolved in buffer.
Psd1, Psd1Gly12Glu and Psd1His36Lys were obtained after two
chromatographic steps: a gel ﬁltration on Sephadex G50 resin Fine
XK26/100, followed by a semipreparative C8 reverse phase column
Vydac 208TP510 in a gradient of eight column volumes of acetonitrile
from 9% to 45%. A unique peak, around 30% of acetonitrile was
obtained for all samples. Those were subjected to an 18% SDS-PAGE
where one sole protein band around 5.0 kDa was observed after col-
loidal Coomassie blue G-250 staining. Their corrected amino acid pri-
mary sequences were obtained after digestion with trypsin, by LC/
MS/MS analysis, with coverage around 90%. In all cases, the presence
of peptide fragments not directly related to the sequences of proteins
of interest was not detected. Gly12Glu and His36Lys sample were also
submitted to Edman degradation that clearly conﬁrms the presence
of site-directed mutations. Both LC/MS/MS and Edman degradation
analysis were performed at the Molecular Biology Proteomics Facility
of the University of Oklahoma (USA).
2.4. Spectroscopic measurements
Absorbance measurements were carried out in a UNICAM UV/Vis-
ible spectrometer UV4-100 (Rochester, NY, USA). The absorption
spectra were taken between 250 and 450 nm in quartz cells with
0.5 cm optical path. Fluorescence measurements were carried out in
a Varian Carry Eclipse ﬂuorescence spectrophotometer (Mulgrave,
Victoria, Australia), equipped with a Xenon pulsed lamp. The spectral
bandwidth for excitation and emission was set to 5 and 10 nm, re-
spectively. The software automatically corrects the spectra for the
photomultiplier characteristics. Fluorescence spectra were recorded
with 0.5 cm path length quartz cells, on the 250–310 nm and
300–450 nm ranges for the excitation and emission spectra, respec-
tively. All measurements were performed at 25 °C in phosphate buff-
ered saline (PBS; 20 mM, 150 mM NaCl) pH 7.4.
Peptide solutions were prepared in PBS to a ﬁnal concentration of
12.5 μM for Psd1 and its mutants. Peptide partitioning into lipid bila-
yers was monitored by registering changes in the peptide intrinsic
tryptophan ﬂuorescence upon addition of lipid vesicles. After each
addition of small quantities of lipid (2 mM stock solutions), the sam-
ple was incubated for 5 min before recording the emission spectrum.
Fluorescence emission spectra were recorded with excitation at
280 nm before and after each addition of lipid. Fluorescence spectra
were corrected for lipid scattering and dilution effects. To quantify
the extent of the membrane incorporation, the partition coefﬁcient,
Kp, was calculated from the ﬁt of experimental data using [21–23]:
I
Iw
¼
1þ KpγL
IL
Iw
L½ 
1þ KpγL L½ 
ð1Þ
where Iw and IL are the peptide ﬂuorescence intensities in aqueous
solution and in the lipid, respectively, γL is the molar volume of thelipid and [L] its concentration. The γL used was obtained from
[24–26]. The molar fraction of partitioned peptide in the lipid phase
XL was calculated as [21]:
XL ¼
KpγL L½ 
1þ KpγL L½ 
ð2Þ
2.5. Fluorescence quenching by acrylamide
For these ﬂuorescence quenching experiments, small volumes of
1 M acrylamide were added to peptide solutions (12.4 μM), in the ab-
sence and presence of lipid. Excitation was set to 290 nm to minimize
the relative quencher/ﬂuorophore light absorption ratio. Fluores-
cence spectra were recorded after each addition of quencher. After
correction for light absorption of ﬂuorophores and quencher, and
for dilution effects, data were analyzed using the Stern–Volmer equa-
tion [27]:
I0
I
¼ 1þ KSV Q½  ð3Þ
where I0 and I represent the ﬂuorescence intensity in the absence and
presence of a quencher concentration [Q], respectively, and KSV is the
Stern–Volmer constant (e.g., [27]). As a control, identical experiments
with Trp in aqueous solution or in the presence of lipid vesicles were
also conducted.
2.6. Localization in the membrane
The localization of Psd1 upon interacting with lipid bilayers was
studied by differential quenching methodologies. 5NS and 16NS are
quenchers of Trp ﬂuorescence in which the doxyl quencher group is
located at different membrane depths: nearer the lipid–water inter-
face for 5NS or buried more deeply into the bilayer core in the case
of 16NS [28,29]. Stock solutions of 5NS or 16NS (66 mM) were pre-
pared in ethanol. Psd1 12.4 μM in the presence of LUV composed of
different lipid mixtures (1 mM lipid in buffer) was titrated with 5NS
or 16NS (keeping the ﬁnal ethanol concentration below 2% (v/v)).
After the addition of each NS aliquot, samples were incubated for
10 min before reading. The assays were followed by ﬂuorescence in-
tensity measurements (λex=280 nm; λem=350 nm). The effective
quencher concentration in the lipid bilayer, [Q]L, was calculated
using the following relationship [30,31]:
Q½ L ¼ Q½ T 1−
Kp;QγL L½ 
1−γL L½  þ Kp;QγL L½ 
 !
Kp;Q
1−γL L½ 
ð4Þ
where [Q]T is the total quencher concentration and Kp,Q is the parti-
tion coefﬁcient of the quencher. The Kp,Q values used were 12,570
and 3340 for 5NS and 16NS, respectively, as reported in [28]. Non-
linear experimental Stern–Volmer plots were ﬁtted using [32,33]:
I0
I
¼ 1þ KSV Q½ L
1þ KSV Q½ L
 
1−f Bð Þ þ f B
ð5Þ
where fB is the fraction of light arising from the ﬂuorophores accessi-
ble to the quencher.
3. Results and discussion
3.1. Spectroscopic characterization in aqueous solution
The plant defensin Psd1 and its mutants have a single Trp residue,
which make them suitable for studies by ﬂuorescence spectroscopy,
without the need of adding any extrinsic label. Absorption spectra
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characteristic of the presence of Trp residues. When peptides were
excited at 280 nm, ﬂuorescence emission spectra showed a maximum
at 350 nm. Fig. 2A shows the emission spectra of the three peptides in
aqueous solution. Some variations on the peptides quantum yields
could be noticed. When the His residue was changed for a Lys at po-
sition 36 (turn 3), the emission intensity decreased 12%. Accordingly,
Psd1Gly12Glu presented a 32% decrease on its ﬂuorescence intensity
when glycine 12 was substituted for a glutamate at loop 1.
As general behavior, Psd1-mutants showed a decrease in their
quantum yield in solution when compared with Psd1, following the
trend: Psd1>Psd1His36Lys>Psd1Gly12Glu (Fig. 2A). Lys and Glu res-
idues are natural Trp ﬂuorescence quenchers [27]. Psd1 tertiary struc-
ture shows that Lys12 (loop 1) is in close proximity to Trp38 (turn 3),
favoring its quenching by the Lys residue. This effect was enhanced
when Gly12 was changed to Glu, not only due to the quenching prop-
erties of the Glu residue, but also due to a size effect (Glu>Gly), pro-
moting a molecular reorganization on the peptide.
3.2. Membrane incorporation studies
Exploring the intrinsic ﬂuorescence of the peptides' Trp residues,
their membrane selectivity toward mammalian, bacterial and fungal
membrane model systems was evaluated. The possible role of speciﬁc
sterols and glycosphingolipids was also tested.
Titration of Psd1 and its mutants with LUV decreased their quan-
tum yield, but did not lead to spectral shifts. Fig. 2B shows the ﬂuores-
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Fig. 2. A: Fluorescence spectra of Psd1, Psd1His36Lys and Psd1Gly12Glu 12.4 μM in PBS
pH 7.4. Excitation (left; λem=350 nm) and emission (right; λexc=280 nm) spectra.
(▬) Psd1; ( ) Psd1His36Lys; ( ) Psd1Gly12Glu. B: Fluorescence emission spectra
of Psd1 12.4 μM in PBS pH 7.4, after addition of 0, 7, 34, 98, 159 and 294 μM POPC:
Erg 90:10 vesicles. No shift of the emission maxima was observed.Erg 90:10 vesicles. The same type of behavior was obtained for the
different peptides in the presence of all the selected lipid mixtures.
Fig. 3 shows the partition curves of Psd1 to LUV composed by pure
POPC, POPC:Chol or POPC:Erg in different proportions. All systems
studied displayed hyperbolic partition curves, demonstrating the
peptide interaction with the lipid bilayers. The partition coefﬁcients
(Kp) obtained are resumed in Table 1.
Partition of Psd1 showed a high dependence on lipid composition.
High partition constants were obtained when POPC membrane
models are enriched with GlcCerSoybean or ergosterol. The Kp value be-
came higher when the percentage of GlcCerSoybeanwas increased from
10% to 30%. The partition of Psd1 to membranes containing cholester-
ol was undetectable; adding cholesterol to POPC vesicles annuls the
afﬁnity of the peptide toward lipid membranes (Table 1). Membrane
enrichment in POPG, a common bacterial membrane component, also
leads to a decrease in Kp values. Psd1 mutants evidenced low Kp
values in relation to the native protein, specially Psd1Gly12Glu. The
molar fraction (XL) of the peptide partitioned to the lipid phase can
be calculated from Eq. (2). For all lipid compositions studied, Psd1
showed XL values above 0.8 for a total lipid concentration of
200 μM, indicating that most peptide molecules are on the mem-
brane. Opposite behaviors were obtained for Psd1 mutants with XL
commonly closed to 0.
As seen in Fig. 2B, the interaction of Psd1 with the selected mem-
brane models leads to a decrease on the ﬂuorescence signal, a trend
opposite to the most common increase in Trp quantum yield upon in-
sertion on a less polar environment, such as a lipid membrane [29,34].
Apparently, when lipid is added to the peptide solution, the interac-
tion produces a conformational change in the peptide or an oligomer-
ization process that changes the microenvironment surrounding the
unique Trp residue, decreasing its quantum yield. Accordingly, the
typical blue-shift of the ﬂuorescence emission maximum upon mem-
brane insertion did not occur for any of the studied lipid systems. A
possible association between the decrease in ﬂuorescence and an
eventual photobleaching effect has been experimentally ruled out
(data not shown). A similar behavior has been previously reported
for other defensin [35]. In that study, Fujii et al. have qualitatively
shown that, upon interacting with lipid membranes of different com-
positions, the α-defensin human neutrophil peptide 1 (HNP-1) pre-
sents a decrease in quantum yield, without a shift on the
ﬂuorescence emission maximum. It is possible that there is an associ-
ation between this type of photophysical behavior and the structural
features common to different defensins.
Sterols are important structural and functional components of the
plasma membranes of different organisms [36]. They are amphiphilicFig. 3. Partition curves of Psd1 to LUV of different lipid compositions. Normalized ﬂuo-
rescence emission intensity of Psd1 12.4 μM, in buffer, upon titration with LUV of POPC:
Chol 70:30 (■), POPC (●), POPC:Erg 70:30 (▲) or POPC:Erg 90:10 (▼). Fitted parame-
ters are summarized in Table 1. Solid lines represent the ﬁtting of the data to the par-
tition model (Eq. (1)).
Table 2
Parameters obtained for the ﬂuorescence quenching by acrylamide of 12.4 μM of Psd1
or its mutants, in aqueous solution and in the presence of lipid (total lipid concentra-
tion, 1 mM). KSV values were obtained by ﬁtting Eq. (3) to the experimental data.
Peptide KSV (M−1)
Psd1 (in solution) 16.3±0.4
Psd1+POPC:GlcCerF.s. 70:30 15.6±0.2
Psd1+POPC:GlcCerSoybean 70:30 15.1±0.2
Psd1His36Lys 19.2±0.4
Psd1Glyl2Glu 13.7±0.2
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tween the acyl chains of the phospholipids, increasing biomembranes
ordering and rigidity. The POPC acyl chains-ordering effect has been
reported to be stronger for cholesterol than for ergosterol [36]. The
extension of the interaction of Psd1 with membranes containing er-
gosterol is considerably higher when compared to pure POPC. How-
ever, when the percentage of ergosterol in the membrane changes
from 30% to 10%, the Kp value increases from 270×103 to 437×103.
In divergence with ergosterol or with pure POPC, there is no partition
of Psd1 to cholesterol-containing membranes, demonstrating the se-
lectivity of this peptide for membranes with ergosterol, and pointing
out for a low toxicity of this AMP to mammalian (cholesterol-rich)
membranes.
Our data also shows that Psd1 has increased afﬁnity for mem-
branes containing GlcCer. It shows an extension of interaction 30
times higher for membranes with GlcCer from soybean (for POPC:
GlcCerSoybean 70:30, Kp=1123×103) than for membranes with the
same proportion of Fusarium GlcCer (POPC:GlcCerF.s. 70:30,
Kp=41×103). This behavior indicates that the difference in GlcCer
structures shown in Fig. 1 has a signiﬁcant impact on the peptide-
membrane interactions.
Despite their general decrease in membrane partition, Psd1 mu-
tants show the same trend of lipid selectivity observed for the wild
type. Therefore, when comparing the Kp values obtained for Psd1
with those for Psd1His36Lys and Psd1Gly12Glu mutants, decreased
values were observed for the same lipid compositions. These results
show that a change in these residues affects the interaction of the
peptide with the membrane models studied and can be related with
the activity of the peptide (unpublished data).
As cationic peptides, it could be expected for these defensins to in-
teract extensively with negatively charged membranes. Our data
demonstrate that Psd1 interacts with POPG-containing membranes,
such as those from bacteria (for POPC:POPG 90:10, Kp=212×103).Fig. 4. Stern–Volmer plots for the quenching of Psd1 and Psd1 mutants by acrylamide in t
rized in Table 2. Solid lines represent the ﬁtting of the data to Eq. (3). Non-linear Stern
(C) or POPC:GlcCerSoybean (D). Fitted parameters are summarized in Table 3. NS concentr
Lipid concentration was 1 mM in PBS pH 7.4.However, this interaction is not purely electrostatic-driven, as the ex-
tent of the partition decreases almost one order of magnitude when
the POPG percentage increases to 30%. The previously referred ten-
dency is maintained for Psd1His36Lys and Psd1Gly12Glu when com-
pared to the wild type.
3.3. Location in the lipid bilayer evaluated by quenching measurements
In order to elucidate the nature of the peptide–membrane interac-
tion, studies of Psd1 and its mutants in the absence and presence of
lipid vesicles were carried out using acrylamide as a quencher of tryp-
tophan ﬂuorescence. Acrylamide is soluble in aqueous solution and,
as a ﬂuorescence quencher, is ideal to study the exposure to the aque-
ous environment of tryptophan residues in proteins or peptides [27].
Fig. 4 shows the Stern–Volmer plots obtained for Psd1 and Psd1 mu-
tants in the absence of lipid (Fig. 4A) and in its presence (Fig. 4B).
In this case, linear Stern–Volmer plots were observed for the peptide
in aqueous solution and in the presence of lipids. The KSV values
obtained for Psd1 and Psd1-mutants are presented in Table 2.
Table 2 shows the Stern–Volmer constants obtained for Psd1 and
its mutants in solution, as well as in the presence of lipid vesicles
(only for Psd1). When comparing the KSV values obtained for Psd1he absence (A) and presence of lipid membranes (B). Fitted parameters are summa-
–Volmer plots of the quenching of Psd1 12.4 μM by 5NS and 16NS in LUV of POPC
ations are indicated as the calculated effective concentration in the membrane [31].
Table 3
Fluorescence quenching of Psd1 12.4 μM by 5NS or 16NS incorporated in lipid mem-
branes (total lipid concentration, 1 mM). Stern–Volmer parameters were calculated
from non-linear Eq. (4).
Lipid KSV (M−1) fB
5NS 16NS 5NS 16NS
POPC 32±7 122±19 0.52±0.04 0.54±0.05
POPC:GlcCerSoybean 70:30 30±7 147±21 0.55±0.05 0.58±0.02
Table 4
Amino acid sequence, isoelectric point (pI), net charge and hydropathicity of Psd1
(wild type), Psd1His36Lys and Psd1Gly12Glu. In the mutants sequences, amino acid
residue substitutions are indicated as underlined and bold. Isoelectric points and
grand average of hydropathicity (GRAVY; positive for hydrophobic and negative for
hydrophilic) calculated using http://www.expasy.ch/tools/protparam.html. aa, num-
ber of amino acid residues.
Peptide Sequence aa pI Net charge GRAVY
Psd1 KTCEHLADTYRG
VCFTNASCDDHCKNKAHLISGTC
HNWKCFCTQNC
46 7.73 +1 −0.548
Psd1His36Lys KTCEHLADTYRG
VCFTNASCDDHCKNKAHLISGTC
KNWKCFCTQNC
46 8.20 +2 −0.563
Psd1Glyl2Glu KTCEHLADTYRE
VCFTNASCDDHCKNKAHLISGTC
HNWKCFCTQNC
46 7.02 0 −0.615
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Psd1His36Lys, and a decrease for Psd1Gly12Glu are observed. This in-
dicates that the mutations induce structural changes that alter the ac-
cessibility of the Trp residues to acrylamide. As mentioned before,
neighboring Lys, Arg, His, Asp or Glu residues may affect Trp ﬂuores-
cence and its quenching [27]. Table 4 shows how the net charge of the
peptides is affected by the mutations. Psd1 has a net charge of +1,
with its Trp residue (Trp38) on the same turn (turn 3) as His36. In
Psd1His36Lys, the net charge increases to +2 and the Stern–Volmer
constant to 19.2 M−1 (KSV=16.3 M−1 for the wild type peptide;
Table 2). In contrast, Psd1Gly12Glu has a neutral net charge and pre-
sented a decrease on KSV to 13.7 M−1. Apparently, in this particular
case there is a direct relation between the peptide charge and KSV,
with this behavior indicating that the charge of the neighboring resi-
dues affects the Trp quenching.
The behavior observed for Psd1 in the presence of the two lipid sys-
tems evaluated is quite similar (Table 2). Formembranes composed by
POPC and GlcCer from soybean, a KSV of 15.1±0.2 M−1 was obtained,
only slightly lower than the observed using GlcCer from F. solani
(KSV=15.6±0.2 M−1). These values are comparable with that
obtained for Psd1 in aqueous solution (KSV=16.3±0.4 M−1),
evidencing that the accessibility of the Trp residues to the aqueous
quencher is not signiﬁcantly impaired by the interaction with the
membrane.
The location of the peptide in the membrane was evaluated by
quenching studies using the lipophilic molecules 5NS and 16NS as
quenchers of Trp ﬂuorescence. The lipid mixtures used for these mea-
surements were chosen considering the large differences observed in
the partition studies. Fig. 4 shows the Stern–Volmer plots obtained for
Psd1 in the presence of POPC (Fig. 4C) and POPC:Erg 70:30 (Fig. 4D)
LUV. In this case a downward deviation was obtained for these
quenchers. The KSV and fB values obtained are presented in Table 3.
For 5NS quenching, similar efﬁciencies and fractions of theFig. 5. Schematic representation of Psd1 (PDB ID: 1JKZ) interacting with membranes. Fluores
adsorbed on the membrane surface or lightly inserted in the membrane, with the Trp residu
environment.ﬂuorescence arising from the Trp quenched (fB) were obtained for
POPC and POPC:GlcCerSoybean 70:30 membranes (Fig. 4 and Table 3).
The same similarity between the two lipid systems was observed
for 16NS. The Stern–Volmer constants determined for 16NS are
higher than for 5NS, while the fB values are quite similar for both
probes (Table 3). In the membrane, the fatty acid backbone of 16NS
generates some ﬂuctuations producing the quenching effect away
from the interior of the membrane [30,37,38]. This effect increases
the probability of 16NS to quench the Trp residues in Psd1, increasing
the KSV constant for 16NS relative when compared to 5NS and
explaining the similarities encountered in fB for both quenchers.
4. Conclusions
Taken together, the partition and quenching results suggest that,
upon membrane interaction (dependent on the lipid composition),
most of the peptide stays adsorbed at the lipid membrane surface,
with the Trp residue interacting with the lipids but, simultaneously,
kept exposed to the aqueous environment, as shown by the quench-
ing by acrylamide data. A scheme of this general behavior is pre-
sented in Fig. 5. Furthermore, this study demonstrates the
speciﬁcity of the interaction of Psd1 with membranes enriched with
ergosterol and/or GlcCer, constituting key factor for the peptide–
membranes interaction and, consequently, for the biological activity
of this defensin. At this level, the importance for the peptide–cence quenching by acrylamide and by 5NS/16NS indicates that the peptide is probably
e interacting with the membrane but, simultaneously, partially exposed to the aqueous
1426 S. Gonçalves et al. / Biochimica et Biophysica Acta 1818 (2012) 1420–1426membrane interaction of the GlcCer C9-methyl group should also be
stressed. The ability to bind membranes decreases following the gen-
eral trend Psd1>Psd1His36Lys>Psd1Gly12Glu, indicating that elec-
trostatic interactions are not the main effect controlling the
membrane binding. The information obtained reveals important fea-
tures for the understanding of the mode of action of Psd1 at the mo-
lecular level. Finally, the high potential of Psd1 to be applied as an
effective new antimycotic agent, with natural origin, is clearly dem-
onstrated by its uncommonly selective targeting for fungal mem-
branes (containing ergosterol) without side-effects on mammalian
cells (as there is no partition of Psd1 for cholesterol-rich membranes).Acknowledgements
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